INTRODUCTION
============

Familial hypercholesterolaemia (FH, OMIM no.143890) is a common autosomal dominant disorder characterised by very high levels of low-density lipoprotein-cholesterol (LDL-C) and premature atherosclerosis and coronary heart disease.[@B1]

Most FH patients have mutations in the LDL receptor (LDLR) gene, while mutations in apolipoprotein B (ApoB) and proprotein convertase subtilisin/kexin type 9 (*PCSK9*) are rare. The LDLR gene is located on chromosome 19 with exon18[@B2] and encodes the LDLR protein, which normally removes LDL from the circulation, or ApoB, which is the part of the LDL that binds with the receptor. The prevalence of heterozygous FH is about 1/500--1/200 in most countries, homozygous FH is much rarer, occurring at a rate of 1 in a million.[@B3] Mutation detection of these genes is one of most important for FH diagnosis along with total cholesterol levels (especially, LDL-C levels), tendon xanthomata, corneal arcus, and family history.[@B4] More than 1,100 mutations in LDLR are described,[@B5] and new mutations in LDLR and others are being updated (<http://www.ucl.ac.uk/ldlr/Current/> and <http://www.umd.be/LDLR/>).

Based on extrapolations from these estimated 1/500--1/200 prevalences, it is estimated that there are 100,000--250,000 patients in South Korea. However, there is little data about the molecular basis of FH in Koreans which means that FH is vastly underdiagnosed and undertreated in South Korea. Diagnosis of FH may be overlooked. Many such cases remain undetected, and many patients with established FH do not receive appropriate treatment. Several recent reports have demonstrated that next generation sequencing (NGS) is very useful for the screening of FH mutation detection in large numbers of samples.[@B6][@B7][@B8] Therefore, we examined the prevalence and distribution of FH in adults with high serum cholesterol from two population-based cohorts using targeted NGS-based testing.

MATERIALS AND METHODS
=====================

1. Subjects
-----------

In the Simon Broome Diagnostic criteria for FH, a cholesterol level of 290 mg/dL (7.5 mmol/L) was used as a cutoff to find the possible FH index patients. The European Atherosclerosis Society recommends that adults with total cholesterol ≥310 mg/dL (8 mmol/L) should be screened for FH. Therefore, a total of 283 patients with a total cholesterol level ≥290 mg/dL (7.5 mmol/liter) were selected from the Dong-gu Study (9,260 participants) and the Namwon Study (10,667 participants), which are ongoing prospective studies designed to investigate risk factors for cardiovascular disease, cognitive decline, and fracture in urban and rural populations, respectively. Details of the study subjects and measurements have been previously published.[@B9] We did not use the clinical criteria of FH because self-reported family history of premature cardiovascular disease (CVD) may be highly inaccurate. The subjects with DNA were 9,234 in the Dong-Gu Study and 10,576 in the Namwon Study, of which total cholesterol of more than 290 mg/dL was 188 in the Dong-Gu Study and 95 in the Namwon study. This study was approved by the institutional review board of Chonnam National University Hospital (IRB No. I-2008-05-056), and informed consent was obtained from each subject.

2. Mutation detection
---------------------

Genomic DNA was extracted from peripheral blood using a QIAamp DNA Mini Kit (Qiagen Inc., Chatsworth, CA, USA) according to the manufacturer\'s protocol. Design of amplicons, sample preparation and sequences for PCRbased Access Array (Fluidigm) were processed as described.[@B10] Briefly, a total of 48 amplicons were designed to cover all exons of LDLR; four exons of PCSK9, containing the most common gain-of-function pathogenic mutation; and one spot of APOB including p.Arg3527Gln, APOE and SLCO1B1 containing rs4149056, the myopathy-associated variant. Samples were amplified using the 48.48 PCR-based Access Array (Fluidigm, San Francisco, USA) and purified pooled samples were sequenced on the Miseq sequencer (Illumina, Hayward, USA) according to the manufacturer\'s protocol.

3. Data analysis
----------------

Data analysis was performed on PCR Amplicon workflow using Miseq Reporter Software version 2.4.60 (Illumina, Hayward, USA), which used Burrows-Wheeler Aligner (BWA). We aligned reads against the GRCh37/hg19 reference genomes of targeted regions in the sample sheet. Integrative Genomics Viewer (IGV) was used to visualize the quality and variance of Bam and VCF files.[@B11]

Variants with a minor allele frequency of \>1% in Ensemble,[@B12] synonymous and intronic variants located outside exon/intron boundaries were excluded from further analysis. To classify pathogenic mutations, all non-synonymous variants were compared to a FH locus-specific database (<http://www.ucl.ac.uk/ldlr/Current/> and <http://www.umd.be/LDLR/>) and the Human Gene Mutation Database (HGMD, <http://www.hgmd.cf.ac.uk/ac/index.php>) and were predicted for amino acid variations using predictive algorithms, SIFT, PolyPhen-2 and Mutation t\@ster web servers.[@B13][@B14][@B15] All variants in this study were classified as pathogenic mutations and variants of uncertain significance (VUS) as described.[@B7] All rare variants were confirmed by conventional Sanger sequencing and high-resolution melting analysis.

4. Other measurements
---------------------

Weight and height was measured in light clothing without shoes. Body-mass index (BMI) was calculated by dividing body weight by the square of the height (kg/m^2^). Venous blood samples were collected after an overnight fast. The serum levels of total cholesterol, HDL-cholesterol, and triglycerides were also measured with an automated analyzer using enzyme methods. LDL cholesterol was calculated by the Friedewald formula (LDL cholesterol (mg/dL)=total cholesterol−HDL cholesterol−triglyceride×1/5) when triglycerides are less than 400 mg/dL, but not in 27 subjects with triglycerides ≥400 mg/dL.

RESULTS
=======

The characteristics of enrolled subjects in this study are shown in [Table 1](#T1){ref-type="table"}. Subjects were included according to two criteria for FH screening: total cholesterol (290 mg/dL or 310 mg/dL). In 283 subjects with a total cholesterol ≥290 mg/dL, the mean value of total cholesterol in both cohort studies was 312 mg/dL. Subjects with FH gene mutations had a higher percentage of a history of stroke than subjects without FH gene mutations. However, there was no difference in the other factors between the two groups. In 110 subjects with a total cholesterol ≥310 mg/dL, there was no difference in the general characteristics between subjects with FH gene mutations and those without FH gene mutations.

We have confirmed 17 different variants of the LDLR, PCSK9 and APOB in 23 subjects (8.1%) among the 283 subjects with a total cholesterol ≥290 mg/dL. [Table 2](#T2){ref-type="table"} shows the distribution of the variants in LDLR, PCSK9 and APOB in the Dong-gu Study and the Namwon Study. Among these variants, eleven LDLR variants (p.Asp47Asn, p.Arg115His, p.Cys143Tyr, p.Asp221Asn, p.Glu228Lys, p. Arg257Trp, p.Cys352Phe, p.Gly516ser, p.Gly546Asp, p.His583Tyr and p.Asp589Asn) and one APOB variant (p. Arg3527Trp) in 18 (6.4%) subjects have been previously reported as disease-causing mutations in the FH locus-specific database and HGMD. Of the five variants of VUS, one rare variant (p.Arg132Gln) in LDLR and two rare variants (p.Glu85Lys and p.Arg499Cys) in PCSK9 were identified in the SNP database, not in FH database. Two novel LDLR variants (not reported in any variant database) were found, p.Leu680Val, and p.Thr734Phe. Among them, based on the prediction of three algorithms, SIFT, PolyPhen-2 and Mutation t\@ster, p.Leu680Val, and p.Arg499Cys were considered as possibly pathogenic mutations. Further functional studies will be needed to identify the pathogenicity of these variants. No LDLR, APOB and PCSK9 deletions nor insertions were found. When the subjects were restricted to the 110 subjects with a total cholesterol of ≥310 mg/dL, we identified 10 different gene mutations in 10 subjects (9.1%) including 7 pathogenic FH-causing mutations in 7 subjects (6.4%) and three VUS in 3 subjects.

DISCUSSION
==========

Recent studies have shown that NGS-based assays are useful and cost effective in genetic diagnosis of FH in primary care.[@B6][@B7][@B8] In this study, we used PCR-based 48.48 Access Array microfluidic technology (Fluidigm) to identify FH variants (LDLR, PCSK9 and APOB) in high serum cholesterol groups from two population-based cohorts. In 283 subjects with a cholesterol level of 290 mg/dL or higher, we identified 17 different gene mutations in 23 subjects (8.1%) including 12 pathogenic FH-causing mutations in 18 subjects (6.4%) and six VUS in 5 subjects.

Stroke is less common in FH than in premature CHD.[@B16] However, in our study, there was no difference in the percentage of ischemic heart disease with or without gene mutation, but the percentage of stroke history was higher in the group with gene mutation. In particular, one case with pathogenic FH-causing mutations had for both p.Arg257Trp and p.Asp589Asn. Elevated LDL cholesterol (LDL-C) lead to coronary heart disease and stroke.[@B17][@B18][@B19] There were few studies of associations with LDLR, PCSK9 and ApoB mutations and stroke.[@B20][@B21] These results are not consistent because of the small sample size and only several targeted mutations, not whole exons. Further studies with larger cases and mutations of whole exons will be needed.

The pathogenic FH mutation rate in this study was 6.4%, which was slightly lower than 7.6% in the Latvian population[@B8] and higher than 2.1% in the Generation Scotland[@B7]. These inconsistent results between our results and those of previous studies in different populations may due to the different ranges of cholesterol levels for cut-off, and different NGS methods[@B6] and clinical information. Since large insertions/ deletions could not be detected by the Access Array based NGS used in this study, the mutation rate in our study could be higher, although the rate of large insertions/ deletions is very row. MLPA analysis is needed for large indel detection.

Of 12 pathogenic FH-causing mutations, 9 mutations have previously been reported in Asia including China, Japan and Korea[@B22][@B23][@B24][@B25][@B26][@B27][@B28][@B29][@B30] (UK and French database). Mutations, p.Arg115His and p.Glu228Lys in all three countries and p.Arg257Trp and p.Asp589Tyr in China and Korea have been found. In addition, mutations p.Asp47Asn in only Japan, p.Cys143Tyr and p.His583Tyr in only China and p.Asp221Asn and APOB p. Arg 3527Trp Asn in only Korea have been reported, respectively. The Arg115His, Asp221Asn and His583Tyr mutations in our study were found in 3 cases, respectively, these mutations might occur frequently in Korean.

To our knowledge, this is the first study of the mutation detection for FH based on the general population of Asia. However, the data reported here has several limitations. First, in the Dutch Lipid Clinic Network criteria for FH,[@B31] the LDL cholesterol level was used as a diagnostic criterion along with the clinical criteria, but because we could not directly measure LDL cholesterol, we used total cholesterol as the criterion for FH selection. Second, our study did not show the clinical characteristics including the tendon xanthomata of patients with familial hypercholesterolemia. Third, we found VUS in five (1.4%) of the 283 subjects with a cholesterol levels of 290 mg/dL or higher. The interpretation of VUCS remains a challenge and the ambiguous nature of a VUS may limit its clinical utility with NGS.[@B32] Further segregation and functional studies will be needed to clarify the pathogenicity of these variants.

In conclusion, we have confirmed 17 different mutations of the LDLR, APOB and PCSK9 in 23 subjects (8.1%) in 283 subjects with a total cholesterol of 290 mg/dL or higher from two large population-based cohorts. These results suggest that given the low prevalence of FH mutations in subjects with high total cholesterol levels, NGS-based testing for a population-based approach to FH detection may not be cost-effective.
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###### General characteristics of study subjects with high cholesterol levels according to familial hypercholesterolemia mutation status
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^\*^LDL cholesterol was calculated by the Friedewald formula (LDL cholesterol (mg/dL)=total cholesterol−HDL cholesterol−triglyceride×1/5) when triglycerides are less than 400 mg/dL, but not in 27 subjects with triglycerides ≥400 mg/dL.

###### The distribution of variants in LDLR, PCSK9 and APOB in the 283 subjects with a total cholesterol level ≥290 mg/dL from the Dong-gu Study and the Namwon Study
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^\*^Subject with a total cholesterol level ≥310 mg/dL.
